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NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the National Aeronautics and Space
Administration (NASA), nor any person acting on behalf of NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report,
or that the use of any information, apparatus, method,
or process disclosed in this report mey not infringe pri-
vately owned rights; or

B.) Assumes any lisbilities with respect to the use of or for
damages resulting from the use of any information, appara-

tus, method or process disclosed in this report.

As used sbove, "person acting on behalf of NASA™ includes any

employee or contractor of NASA, or employee of such contractor, to the
extent that such employee or contractor of NASA, or employee of such
contractor prepares, disseminates, or provides access to, any information

pursuant to his employment or contract with NASA, or his employment

with such contrecter
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ABSTRACTS

SECTION I. THE MECHANISM OF VARIOUS TYPES OF HIGH RATE ELECTRODES

Previously found localization of current within a narrow region
of meniscus was utilized to construct electrodes containing very small
amounts of catalyst placed in the critical regions.

In hydrogen oxidation the rate was limited only by the chmic

resistance of the electrode matrix; in oxygen reductions, the rate was

activation controlled up to 100 mA cm™2,



SECTION II. THE MECHANISM OF ELECTROCATALYSIS

Noble metal electrode (Pt, Rh, Pd, Ir and Au) surfaces were
carefully examined to confirm previous results in Fe'H'*/Fe'H' reaction.
Further, it was established that Fe'''/Fe*™ reaction occurs on oxide
v free electrodes of the sbove metals. Also the heats of adsorption

on these metals were calculated for this reaction.




SECTION IIT, POTENTIAL OF ZERO CHARGE

In order to meet the criticism of Frumkin et. al. (3)

on the measurements on potentials of zero charge om platinum

veported from this hboratory,(l'z) critical tests were

cerriea out to establish the correctness of the previous results.
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SECTION IV, ADSORPTICN IN THE DOUBLE IAYER WITH

SPECTAL REFERENCE TO THERMAL EFFECTS

Potential sweep method and single galvanostatic pulse method were
used to determine adsorption of ethylene and benzene from agueous
solutions at various temperatures. Results of the two electrochemicel
methods are compared and their equivalency is experimentally shown.

A method of correcting potential-sweep results for the charge in oxide

coverage in presence and absence of organic adsorbate is proposed.

Results of electrochemical methods of measuring adsorption are

compared with those obtained by rajiotracer measurements.
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SECTION V. ELECTRODE KINETIC ASPECTS OF

ELECTROCHEMICAL ENERGY CONVERSION

During this period a paper entitled "The Theory of Porous Gas
Diffusion Electrodes" was written and a Chapter entitled "Electrochem-
ical Techniques in Fuel Cell Resesarch,” to appear in the Hand Book of
Fuel Cell Technology, was completed.
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SECTION I, THE MECHANISM OF VARIOUS TYPES OF HIGH RATE ELECTRODES

As indicated in Report No. 7, (NsG-325), the computer solution
of the differential equations for the "finite contact angle meniscus"
Yields a linear relationship between applied voltage and current output,
in excellent agrecment with experimental observations. One is tempted
to apply the label "ohmic" to any system with a linear E-I relgtionship.
It must be stressed that in this cose "psecudo-ohmic"” is a more accurate
term. The computer data has becn analyzed to give the grophs of Fig. 1
and Fig. 2, for hydrogen cnd oxygen respectively.

The half-current point distance (the distance from the edge of
the meniscus within which 50% of the total current is produced)is plotted
against applied potential, ’)'?GPP’ ond against the potentianl at the tip ’7? &
(Note: this distence is really an area, 4 f2> since all computations
are done per lineor cm of meniscus.) Within this region, complete
diffusion depletion does not occur, and the current is primarily activation
limited.

Figures 1 and 2 show an importent result of the computer calcula-
tion. At moderate to high polarizations, the reaction zone is extremely
small (1073 to 10™® en long), far smiller thon the aren predicted by
the "thin film" theory. Since it is difficult to make porous electrodes
much thimer than 1072 cm and/or to control the deposition of catalyst
in this region, much of the catalyst is thus outside of the useful region.

4in optimally utilized catalyst, therefore, would be in a very
thin region of the electrode and would exhibit Tafel behavior, since
almost no diffusion limit could occur. |




Electrodes prepared in this foshion by deposition of thin filns
on o supporting porous notrix have been produced, aond exhibit this
expected behovior.

With catalyst loadings of only 10 L g/en® of Pt, Tafel behavior
of oxygen reduction hzos been followed up to currents of 100 me./cnz.
Residunl true obmic resistonce due solely to the electrolyte natrix
obscured the behovior at higher currents.

In case of hydrogen ionization, where io is severczl orders of
negnitude higher, the current was linited only by the ohnic resistance
of the matrix. Experiments cre in progress with thinner natrices.

Up to now, with the scnme loading (10 /ug/cmz of Pt) currents

' 2
up to 400 pA/cn have been obtoined.



legends for Figures

Fig 1 Dependence of half-current area on applied potential
and on tip potential as calculated for Hydrogen.
Fig 2 Dependence of half-current area on applied potential

and on tip potential as calculated for Oxygen.
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SECTION II. CATALYSIS OF SIMPLE ELECTRODE REACTICNS

In the last Report, results were presented for hydrogen electrode
reaction on a series of alloy electrodes in the Pt-Ni system. Also
were reported results of redox Fe* fFe™ reaction at a number of metal
and alloy electrodes (Au, Pt, P4, Rh, Ir and Au-Pd alloys). A nearly
linesr relation was observed between work function and activity of
different noble metals in the redox reaction. This result was unex-
pected as theoretical predictions suggest that the activity for a redox
reaction should be independent of the electrode material. Similarly,
a regular change of the activity with alloy composition was observed.
Due to the importance of these results it was decided to re-examine 4
them and to ascertain whether these results were obtained on oxide
covered electrode or oxide free electrode surfaces.

To check the presence of oxides, galvanostatic charging curves
were obtained on metal electrodes.

Also the nature of charge transfer was further examined, and

the current-potential reletions were established at different temperatures.
EXPERIMENTAL

Coverage with the oxygen containing species was determined in
1N stou saturated with NZ' The usual 3 compartment cell was used for
this experiment. Reference electrode was Hz electrode separated from
the test compartment by a stopcock. Care was taken to clean the elec-
trodes and the glassware. An electrode was kept at any desired potential

(from + 0.6 to + 1.5 V vs. h.e.) for a given time after which a constant




cathodic current was applied to the electrode using a fast switch. The
change of potential with time was followed on an oscilloscope (535
Tektronix) end was photographed. The cathodic charging curves were
obtained at regular potential intervals. To check a possible time
dependence of oxide formation, an electrode was kept at a given potential
for different periods of times before the cathodic charging curves were
taken. A typical example would be as follows: An electrode was poten-
tiostated at + 750 mV for 30 sec., and cathodic charging curve was taken.
The procedure was then repeated but with the time of potentiostating of
1 min end 30 mins.

The amourt of oxygen containing species at a given electrode
was determined from the number of coulombs required to bring electrodes
close to about + 0.35 V. At this potential a sharp change inV - ¢
curves occurs. It is generally taken that at this point all oxygen is
reduced and that hydrogen starts adsorbing on the electrode.

Before potentiostating each electrode was kept at about + 0.35 V
for 1 min. It is previously established that at this potential all
oxides of these methods are reduced in time less than 1 sec. Hence, for
each coverage determination it was assured that the electrode is initially
oxide free.

In another series of experiments, V - i curves were obtained on
Au, Pt, P4, Rh and Ir electrodes at 12, 27, 35, 45 and 60°C. In order to
carry out experiments below or above the room temperature, an air thermo-
stated box with a front window was used. The box was made of insulating

fibre-wood. At one side of the box was a fan in front of which a




1000 watt electric coil heater was placed. Temperature of the box was
maintained uniform within + 2°C. A control type Hg-thermcmeter was
suspended from the top of the box and was connected to the heater
through a control-current supply switch. For measurements below the
room temperature, a mixture of acetone-dry ice was used as the coolant
placed inside the box. The attual solution temperature was measured by

placing a thermometer inside the cell.
RESULTS

Coverage by oxygen containing species does change from one metal
to another, and is dependent on the electrode potential. It is little
affected by the time an electrode is kept at & given potential. In
Tsble I, coversge data are collected. They are given in AL C/cmz.
Correction was made for roughness factor and charging of double layer.
From previous data.2 roughness factor for Pt, Pd and Ir electrodes was
taken as 1.7, and for Rh and Au electrodes as 2.

In the present experiments, i -~ V curves for all metals are
the same as previously obtained and reported.3

In general, activity increased slightly with increasing temper-
ature. In Table II, i,'s values are given for each temperature and
metal examined.

In Figures 1 and 2, log i, values are plotted vs. 1/T. Heats of
activation were calculated from the slopes of these curves; they are
k.9, 5.3, 2.4, 5.5 and 7.8 kcals/mole for Pt, Ir, P4, Au and Rh elec-

trodes, respectively.



DISCUSSION

Coverage by oxygen containing species on Pt electrode at poten-
tials less than 1.0 V are all below about 110 4 C/cmz. This coverage
decreases with decreasing electrode potential. At about 750 mV, which
is close to the reversible Fe'H""/Feﬁ electrode potential, the coverage
is only 70 /u.C/cma. Similar values of coverages were previously obtained
by other workers.u It is concluded that these coverages arise from the
adsorbed oxygen species and not from oxides which can be presenth on
the electrode surface only at potentials above 1 V.

Higher coverages on Rh electrode are in agreement with previously
reported values for adsorbed oxygen species.3 Only if the electrode
was potentiostated at potentials sbove sbout 1 V, oxides do form and
the different types of the V - t curves are then obtained. On gold
electrodes no significant coverage was detected even at electrode
potentials above 1 V. An oxide forms at this electrode at potentials
ebove gbout 1.2 V.

It is concluded, therefore, that all redox experiments on these
metals were conducted on oxide free, bare metal electrodes. Consequently
full importance should be attached to the change of activity for the
Fe'H-"/Fe'H' redox reaction on these metals.

Low values of the activation energy, as calculated from the

temperature dependence of activity, are being analyzed.




TABLE 1. COVERAGE OF O, gg,cjcmz) OGN VARIOUS ELECTRCDES AT
4

DIFFERENT PCTENTIALS

ﬁﬁn\; ioiﬁeenff ,bwl;tcmz /xcl}hcma /xc}rcmz /m7‘:m? ,ucl/)inz
(MHE) tiality
+0.6 30 sec. ———— 30 ———— ——— ———
1 min 30
30 min 30
+0.75 30 sec. T0 70 ~ 20 ~10
1 min 70 70 A 20 ~s 10
5 min 4s
30 min 70 80 ~ 10 L5
+0.900 30 sec 100 160 30 <30 50
lmin 100 160 30 <30° 50
30 min 100 180 30%% 50
+1.23 30 sec 680 ——— < Lo ~v 200
5 min 680 <k 300
20 min 680 300 <o 300
30 m9n
+1.5 1 min — 100
5 min -—-- 570 100
+ 1V (WHE)
*

10



TABIE II: VARIATION OF i, (amp/cn®) VALUES WITH TEMPERATURE
ON_DIFFERENT ELECTRODES

Elec- 12° 27% 35% 5% 60°c
trode

Pt 6.3 x 1073 1.04 x 1072 1.2 x 1072 142 x 10“2 2‘.‘214 x 1072
Rh ——— - 5.3 x107> 7.5 x 10> 1.2 x 107
Ir 4,15 x 1073 (18°%) 2.1 x 103 7.8 x103 9.5 x10°3 1.2 x 1072
Pd 1.07 x 102 (16°¢) 1.21x10° 1.9 x102 1.5 x102 1.9 x 102
Au 4.08 x 1073 5.5 x103 9 x1073 1.4 x102 1.k x107°
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SECTICN III, POTENTIAL OF ZERO CHARGE

~ -

Measurenents of the potential of zero charge on platinun

INTRODUCTICN

‘ reported previously fron this lz;\:bo::a:t:.ory‘."’"2 have been criticized
recently in a peper by Frunkin, Balashova and Ka.zarinov.3 To evaluate
the situction and meet the criticisms of these authors some further
experinents were necessary. The nain purpose of these experinents,
which are reported below was to verify that the ninirnnm in capacity
observed previously in dilute solutions on Pt electrodes indeed corres-
ponded to the potential of zero charge on this netal.

Frumkin et a.l.3 clained thet in the case of platinun, the minimm
in the capacitance-potentisl curve does not correspond to the maxirmm
diffusivity of the double layer, and therefore to the p.z.c. Also, platinum
adsorbs hydrogen and oxygen and their ionization superinmposes pseudocapa-
city on double layer capacity. According to the ebove authors, the
difficulties in pmeasuring the potential of zero charge by capacitance
nethod are not yet overcome. One has to measure the capacity at much
higher frequencies so the contribution due to the pseudocapacity is
negligible. The effect of pH on potential of zero charge cammot be
explained on the basis of present knowledge on double layer on solid
electrodes,

In the present report period, the effect of frequency and the

concentration of the electrolyte on the capacitance on platimun was

studied in detail in an attempt to verify our previous results.
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If one has considerzble variation of capacitance with frequency
and the shape of the capacitance curve changes with frequency, then a
pseudocapacity contribution is indicated. However, there are other factors
that cen cause a variation in capacitance with frequency vhich are as
follows:
(1) Geometry of the electrode and the counter electrode assembly.
(ii) Screening of the electrode due to the presence of the glass
capillaxy.
(iii) Penetration of the electrolyte into the space between
the platinun wire and the glass surrounding it.
(iv) Rougtmess of the electrode (having recesses and peaks).
(v) Dielectric relaxation of the solvent effect.

Again, if the frequency is sufficiently high these effects will becone
smeller and contribute to the capacity measured to a lesser degree.

The variation of the electrolyte concentration gives valuable
information. Firstly, as the concentration of the electrolyte is raised
the diffuse layer capacity C_ is going to become larger and thus its

D
contribution to the total capacity is smaller, which follows from the

relation
-Jé- = %‘ + '(]:; (l)
neasured Helmholtyz Diffuse

In dilute solutions at potentials not far away from the potential of

zero charge, Cpjrryge is small and 2 ~ z
c Cpiffuse
capacity follows a cosh function with respect to charge on the electrode.

znd the measured

Thus, one sees & ninimun in the capacitance-~potential curve corresponding
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to the zero charge on the electrode. As the concentration is increased
the contribution of the diffuse loyer capacity to measured capacity
becomes smeller and the dinirum disappears. Secondly, if one increases
the perchloric acid concentration, according to the theory of Frumkin,3
H+ and H being in equilibrium the contribution of pseudocapacity due to
jonization of H should increase. This pseudocapacity being parallel to
the double layer capacity, the negative branch of the capacity~potential
curve should become steeper, as the concentration of the perchloric acid

increases.
EXPERIMENTAL AND RESULTS

Apparstus and the experimentation used are described in previous

reports.
1. Frequency Variation of the Capacity

The high purity requirements were all the more stringent because
the tinme required for the experiments was considerably longer. Measurenents
were nade at various potentials increasing and decreasing the frequency.
Frequencies from 500 Cps to 8000 cps were used. The transformer ratio
arm bridge was calibrated for a series resistance-capacitance circuit.

For this purpose General Radio Standard capacitances and resistances were
used. The bridge readings were converted into series equivalent resis-
tance (R) and capacitance (c s)‘ Proper calibration factors were applied
to the readings. Then, R was plotted ageinst 1/w (where w = 2TY) and

Rs value for infinite frequency was obtained. The extrapolated Rs was
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subtracted from the R  readings. ﬁow, R, - Ry (extrapolcted) amd Cg
were back converted into a parallel equivalent resistance and capacitance.
This sequence is shown in Figure 1. Figure 2 shows the capacitance-
potential curves for various frequencies. Figure 3 shows CP and Rp
corrected for area of the electrode as a function of frequency on a
log-log scale. If there is a considerable electrolyte penetration, the
(d Log R:l)/(a log ¥ ) has a slope of about - 0.5 in dilute solutions
and cbout - 1.0 in concentrated solutions. This was shown by Granthamh
and Teikis et al.” considering the penetration like a transnission line.
It can be seen fron Fig. L4, corresponding to a situation where electro-
lyte penetration was known to be present that (& log Rgl) /(F1og V) =
-~ 0.6 and the capacitance also varies with frequency. Figure 3 has a
slope of about - 1.0 and frequency dispersion of the capacitance is
extremely small. This result cannot be explained very well on the basis
of electrolyte penetration but can be explained on the basis of dielectric
relaxation,

Thus, considering Fig. 2, it is seen that the shape of the curves
does not change with frequency and therefore the pseudocapacitance

contribution to the measured frequency is negligible and the minimum

observed corresponds to p.z.c.

2. Veariation of Electrolyte Concentration

The high purity requirements in these experiments were even
higher than other experiments. The analytical grade KCth was recrys-

tallized several times from hot water. A stock solution of the highest
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concentration possible was nade and pre-electrolyzed over two days in the
pre-electrolysis cell. Measurements were carried out in dilute HCth
solution first and then with successive additions of small amounts of
KCth solutions in the pre-electrolysis cell. The solution was being
pre-electrolyzed under N2 atnosphere, while the measurements were being
carried out in a more dilute solution. A similar procedure was used for
HC10y, concentration variation.

Figure 5 shows the effect of variation of concentration of
perchloric acid on the capacitance vs. potential bebavior. The minimunm
disappears as soon as the concentration is above 5 x 10"3 N HClOu. The
capacitance branch on the negative side of 550 mv (r.h.e.) does not
become steeper and thus gives no indication to any pseudocapacity due to
ionization of H at these potentials.

In Fig. 6, the effect of variation of concentration of KC10), at

constant pH on the C - V plot also shows that the minimum disappeers at

higher concentration and is thus characteristic of the maximum diffusivity

of the double layer.
The overall change of capacitence with concentration is similar

to that observed by Graha:ne6 on the Hg/Hcm,+ system.
Future Work

There is one more question as to what extent our electrodes are
free of hydrogen. Thus some experinments are planned to eliminate the
ebsorbed hydrogen by heating the platinum bead electrode at 800°C under
high vacuum (~ 10'6 m or better) for extended period of time (90 - 100

hours). The electrodes need to be sealed in quartz to heat them to
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800°C. This type of work is in progress at the presemt time. Also

preliminary data on silver is obtained. Capacitance measurements on

silver will be carried out. Then, the apparatus for a third method

will be built.
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Captions to Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

l.

Sequence of operations performed to obtain cgl and Ril fram the

bridge readings.

Capacitance-potential plots as a function of frequency for a
platimm electrode in & 10°3 N HC10) solution.

5" end % plotted as a function of frequency on & log-log
scale, for a case when practically no penetration of electrolyte
was present. -0- represent the values at ~ 550 mv and -x- rep-
resent values at - 500 nv.

Rdl and Cgl plotted a5 a function of frequency on a log-log
scale when electrolyte penetration was present and the slope

9 log %/8 log ) = - 0.61. Cp veries with frequency much more
than Fig. 3.

Capacity potential plots obtained at various concentrations of
KCth at a constant pH for the same platimm electrode.
Capecity-potential curves for verious concentrations of HC1O)
as denoted on the figure. Mzy be noted that above 5 x 10"3 M
HClO,+ concentration the minimum in the curve disappears and no

steep rise on the negative branch of the curve as the concen-

tration is increased.
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2) Conversion to series capacitance and resistance

Rs __—

-
2t

by

3) Extrapolate R_ to oo frequency - solution resistance

n ,
k) Subtract R 2 from R

5) Back conversion of Cs and Ry~ Rsoln into & parallel equivalence

Fig. 1
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SECTION IV, ADSORFIICN IN THE DOUBLE ILAYER WITH

SYECIFIC RIFERIJICE TO THERMAL EFFLCTS

INTRODUCT ION

In the report period experimentalwork was curried out to evelu.te
various methods of adsorption measurements criticzlly. Measurements of
the odsorption of benzene and ethylene by potenticl sweep method were
continued, and in uddition & study of the adsorption of benzene by

galvanostétic transient method was initiated.
EXPERIMENTAL

For the notenti.l sweep method the experimental set-up, s well
as the experimental procedure were the s.me ag previously reported
except for the following modifications:

(a) Iebeled benzene was used, and the bulk concentration was
deternined using a scintillation counter immediately wfter e.ch sweep.
This wes done in order to «void errors due to equilibration of benzene
between the solution .nd g.s-ph2se &bove the solution. At higher temper-
atures (‘500 and 70°) this error might become important.

(b) The amount adsorbed w.s calculcted in a different way (see

Discussion) in order to wccount for errors commected with v.rious degrees

of coverdge with oxide in presence «nd in absence of orgznic material.

The galvenostgtic transients were carried out in the same cell
and on the same electrode, prepared in the same wey cos in the potential

sweep runs.




The charging curves were obtained in blank solution and in
presence of benzene. A typical example is shown in Fig. 1. The product
of current and the difference between (Y, . - [_) is taken as the amount

of electricity connected with oxidation of the adsorbed benzene.
RESULTS

(2) Time dependence of adsorption

The time dependence of adsorption of ethylene and benzene was
reexamined for concentrations lower than those used before. The time
required to reach constant values of areas between the runs in blank
solutions and adsorbaie containing solutions was found to change with
concentration fron ~s 75 min. in ~/ J.O-7 m/1 solution to 5 min. in

~ 10“5 n/l solution. Adsorption time in each run was correspondingly

adjusted to be longer than that required to reach steady state.

(v) Ethylene

The sweep rate used was 0.5 V/sec, measurements were carried out
at 30° at the potential of 300 mV (NHE). The adsorption isotherm is shown
in Fig. 2 (circles). In the same figure, results obtained by radiotracer
method are shown (triangles).

In Fig. 3 the potential dependence of adsorption obtained by the

sweep method is compared with that obtained by radiotracer method.

(c) Benzene, potential sweep method

The sweep rate used was 0.5 V/sec.

29
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Adsorption isotherm obtained st 30° and 500 mV is shown in
Fig. U (circles) along with the results of radiotracer method (triengles).

Adsorption isotherm obtained at 50° and 300 mV is shown in
Fig. 5 (circles) and compared with the results of galvanostatic trans-
jents (crosses) and radiotracer method (triangles).

Adsorption isotherm at 70° shows an unusual scatter of experi-
mental points and is still under study, as the reasons of the lack of
reproducibility are not yet clear.

The pcieniial Gependence of adsorption at 50° in solution
6 x 10-6 r/1 is shoma i Fig. 6 (circles) and compared with the radio-

tracer method (‘riunsies;.

(é) Rurucpe, galvanostatic transient metiod

The emount of electricity Q; = 1 ( ot - o) connected with
the oxidation of adsorbed benzene was constant in the current density
range 0.2 - 1 mA/cma. At higher current densities Qp decreased. The
current density used in measurements reported was 0.k mA/cma. Adsorption
isotherms obtained at 500 and at potential of 300 mV is shown in Fig. 5
{crosses).

Potential dependence of adsorption at 50° , &s measured by galvan-
ostatic pulse method is shown in Fig. 7 (crosses) end compared with

results of radiotracer method (triangles).
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DISCUSSION

1. Calculation of the amount adsorbed obtained by potential sweep method

In Fig. 8 anodic and cathodic sweeps are shown in presence and
absence of benzene. For the curve corresponding to the blank solution
the cathodic area (D) strictly corresponds to that of the anodic ome (C).
This indicates that the total amount of oxide formed during the anodic
pulse is reduced during the cathodic sweep. In presence of adsorbate
the cathodic area (B) is smaller than in blank solution (D). This
indicates that the adsorbed organic msterial prevents to some degree
formation of oxide. The difference in the coverage with oxide in absence
and presence of the adsorbate can be then evaluated by the difference
in the corresponding cathodic areas (D - B). Thus, the charge connected
with oxidation of the orgenic material was evaluated not as a difference
between the anodic areas (A - C), but as a difference between the anodic
and cathodic areas obtained in the presence of the adsorbate (A - B). In
this way the error connected with the change in coverage with oxide caused

by adsorption of orgenic material was corrected.

2. Comparisons of potential sweep and radiotracer method results

The radiotracer method, being the most direct one, is assumed to
give the most relisble results, which serve as reference points with
vhich results obtained by other methods should be compared. It suffers
a disadvantage that it measures the coverage not only with the adsorbate,

but with the possible intermediates of the reaction the adsorbent may
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undergo at the electrode. However, in the systems studied, the adsorp-
tion isotherms previously obtained showed mo indications of significant
amounts of other sdsorbed radicals than the sdsorbent itself.2>3 The
disadvantages of the potential sweep method are more numerous and were
outlined pu'eviously.h

The results of comparison of the electrochemical methods with
the radiotracer omne are still ambiguous. A fairly good agreement was
obtained for the ethylene system at 30°, both in the concentration and
potential dependence of adsorption (Fig. 2 and 3), although in the latter
one the maxima of adsorption differ by ~ 100 oV, A good agreement
was also obtained for the benzene system at 50°, both with respect to
concentration and potential dependence (Fig. 5 and 6). However, results
obtained at 30° for benzenme markedly differ from those obtained by
radiotracer method.

The present results at 30° were interpreted in terms of a Frumkin

isotherm:
L erg/Kr = Ke
tl - 0; -
vwhere T = ié%—@, OH is the heat of adsorption, K is the equilibrium
constant. The plot of & versus (log ¢ - log -]_—%-5) is shown in Fig. 9.

The values of r and K are respectively r = 16.7 Kcals. K = 4.2 x 10
ml/mole. The value of r. differs greatly from that obtained by radio-
tracer method where r = 4 Kcals, whereas the equilibrium constant is of
the same order of magnitude. X 5:4 nogr =2.1X 10% m1/mole.

The discrepancy between the radiotracer method and potential

sweep method results, found in benzene system at 30° and not at 50°, may



indicete that the agreement at the latter temperature is fortuitous.
However, no final conclusions can be drawn before the results obtained

at 70°C are obtained, and a few other systems are investigated.

3. Comparison of results of galvanostatic and potential sweep method

In Fig. 5 the adsorption isotherms obtained by the two methods
are shown. The agreement is very good, as would indeed be expected.

If the potential sweep results are not corrected for the difference in
the emount of oxide formed in presence end sbsence of the adsorbate

(cf. Section IV.1l), the integration of the trace obtained by anodic
potential sweep leads to the anodic charging curve that would be obtained
under the same conditions, as shown below. In the potential sweep
method dV/dt is constant, thus multiplying the current axis by at/dv

a plot of idt/dV = d4q/dV versus potential is obtained.

In the galvanostatic pulse method, the time axis can be multiplied
by the value of constant current resulting in a plot of it = g versus
potential.

In Fig. 10 the integrated values of q obtained from the potential
sweep method for blank (crosses) and benzene containing (circles) solu-
tions are shown together with the directly obtained oscillograms of
charging curves (lines 'a' and 'b'), in which the time axis was multiplied
by the value of current. The agreement is excellent, proving experi-
mentally the equivalency of both methods.

It must be mentioned, however, that both methods are expected

to be equivalent only iz this range of current densities applied in the

33
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galvanostatic pulse method, vhich results in a pV/at value during the
transient between the two given potentials approximetely equal to dv/dt
value in the potential sweep. At too high or too low current densities
the same deviations may be expected as those arising from too high or

too low sweep rates.
Raferences
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Fig 2.

Fig 3.

Fig 4.

Fig 5.

Fig 6.

Fig 7.

Fig 8.

Fig 9.

Fig 10.

Captions to Figures

Typical anodic charging curve obtained in blank solution
(a), with superimposed curve in presence of benzene (b).
Adsorption isotherm for ethylene obtained at 30° C,
Circles: potential sweep method ( oV/ut = 0.5 V/sec, po-
tential of adsorption 0.3 V); triangles: radiotracer meth-
od (potential of adsorption 0.4 V).

Potential dependence of ethylene adsorption at 30° C.
Circles: potential sweep m€thod; triangles: radiotracer
method,

Adsorption isotherm for benzene obtained at 30° C and

0.5 V, Circles: P,S.M.; triangles: radiotracer method.
Adsorption isotherm for benzene obtained at 50° C and

0.3 V. Circles: P.S.NM,; crosses: galvonostatic method;
triangles: radiotracer method,

Potential dependence of benzene adsorption at 50° C.
Comparison between P.S.M. (circles) and radiotracer meth-—
od (triangles) concentration of benzens 6-x-10"6 M,
Potential dependence of adsorption obtained at 50° C for
benzene by galvanostatic method (crosses) and radiotra-
cer method (triangles) concentration of benzene 11 x 10~7M.
Typical curves obtained by potential sweep in presence

) of hydrocarbons.

(- = =) and absence (
The plot & versus (1g ¢ - 1g -l-g-é— ) for benzene iso-
thern at 30° C.

Integrated curves obtained in anodic part of potential

sweep (Fig 8).
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SECTION V. ELECTRODE KINETIC ASPECTS OF

ELECTROCHEMICAL ENERGY CCNVERSION

During this period, a theoretical analysis of the thin film model
of porous gas diffusion electrodes was made. The sbstract of this work
is found in the Appendix attached to this report.

In addition, a chapter entitled "Electrochemical Techniques in
Fuel Cell Research" was written in collaboration with Dr. E. Gileadi.
This Chap‘beri will appear in the Hand Book of Fuel Cell Technology,
which is being-edited by C. Berger. In this chapter, the methodology
of investigation is first treated. It is followed by a section which
deals with the principles of electrode kinetics in the investigation
of mechanisms of reactions. This section treabs the theory behind (i)
determination of the overall reaction, (ii) diagnostic criteria for
determination of the reaction path, (iii) role of electrosorption. In
the next section the experimental methods for these determinations are
broadly divided under (i) steady state measurements, (ii) transient
measurements, (iii) electrosorption measurements, (iv) detection and
identification of intermediates, (v) determination of adsorption
pseudocapacitance. Finally, a section on studies on porous electrodes
is dealt with. Here, after briefly discussing the overpotential-current
density and current distribution relations, the topics of (i) important
parameters determinipg the performance of porous electrodes, (il) methods
of preparation of porous electrodes, (iii) physical methods of charac-
verization of porous electrodes, (iv) electrochemical measurements on

porous electrodes and (v) model pore studies are treated.
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SECTION VII. APPERDIX

ABSTRACT

All forms of polerization losses are comsidered. It is not
possible to obtain analytic solutions for the apparent current density-
overpotential and current distribution relations under these conditions.
Analytic solutions are, however, possible for some special cases: viz.
activation-ohmic and concentration-ohmic.

Nmnerical-calculations are carried out in the case vhere all forms
of polarization are present, varying the kinetic and physical parameters.
This model yields higher current densities than the simple pore model
under identical conditions. The general shapes of the curves are similar
for the two models. A region of normal Tafel slope is followed by a
region of double this slope at higher over-potentials which then pesses
over into the limiting current region. The current distribution relations
show a special type of behavior. At low over-potentials, there is uniform
current distribution, followed by increasing uneven distribution but
close to the limiting current, it again passes over into a region of
uniform current distributiom.

Numerical calculations for the current and potential distribution
in the cese of only activation and ohmic polarization are presented in a
simplified manner in terms of a parameter which contains all the kinetic
and physical quantities. For this case, the apparent current density is

slightly lower than that for the simple pore model at high over-potentials.
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SECTION VII, APPENDIX

THEORY OF POROUS GAS DIFFUSION ELECTRODES USING THE THIN FIIM MODEL
S. Srinivasan and H. D. Hurwitz

1. Introduction

The present paper deals with an analysis of porous gas diffu-
sion electrodes for the thin film model. The model was first considered
assuming that activation processes are fast and that the rate is
controlled by mass transfer and ohmic processes.l’2 The subsequent
treatments of this model do not show clearly the influence of kinetic
paraneters on the overall rate as a function of overpotential and on
the current distribution problems.3’h In the present work, a
numerical method is used in the case where all forms of polarization
are present to ascertain these effects. In addition, some limiting
cases are considered - case of only activation and chmic peclarizaticnm,
case of only concentration and ohmic polarization - where analytic
solutions are possible for the current density as a function of the

overpotential and the current generated as a function of distance in

the film.

2. Description of model and reaction sequence

In the thin film model, the basic assumption is that a thin

*on leave of absence from the Free University of Brussels, Brussels,
Belgium.




51

£ilm of liquid exists above the meniscus and is in contact with the
solid phase in the pore (Fig. 1). It is assumed that the thickness

of the film, Ar, is a constant and is given by

T, 7T (1)

Dr o 1

where r2 and rl are distances of the electrode-electrolyte and
electrolyte gas interfaces from the z axis - a cylindrical coordinate
system is used as in & preceding paper. Since Ar is small compared
to the radius of the pore, Tos it is assumed that the film forms a
right angle edge with the meniscus of the electrolyte. It is further
assumed that all the current is generated on the electrode surface in
the film region (i.e., fromz = 0 to z = 2 in Fig. 1).

A reaction sequence of the following type is assumed for this
model.
(i) Diffusion of reactant gas, R, from outer end of porous
electrode, A, at which gas pressure is P° to gas-electrolyte interface.
(ii) Dissolution of R in electrolyte at gas electrolyte
interface r = r; for 0 { z K 2.

(1iii) Radial diffusion of the dissolved gas from r = r,
tor =r, for 0 £ z é;Q

(iv) Electrosorption of dissolved reactent gas at electrode
(Ryas)-

(v) Charge transfer reaction of R s to give R:d s

ad
(vi) Charge transfer reaction of R:d g to give products, P.
(vii) Diffusion of products away from the electrode and

migration of ioms through film.
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These steps may be represented by

Ry —> Ry o I
Ry e —>R; ¢ 11
Rg,e > Ry m I
Rs,m ——?Rads v
R is -—-ykzds + e v
R:ds —>P (n-1)eg Vi
Pom —>Fs,e viI

It is assumed that step V is the activation controlling
intermediate step at the electrode. All the other charge transfer
steps at the electrode are assumed to be fast and are grouped under
VI. The hydrogen and oxygen dissolution reactions serve as examples
of this type of reaction. It is also assumed that concentration
polarization is caused only by a change of the reactant concentration
at the electrode-electrolyte interface (m). The symbols Rg and R,
represent the reactant R in the gaseous state and in solution; e
stands for the gas electrolyte interface.

In a previous paper ,5 it was shown that the rates of the
first two steps - viz. diffusion of reactant gas through the elec~
trolyte free part of the pore apnd its dissolution in the electrolyte
at the gas-electrolyte interface are considerably faster than the
subsequent steps of the overall reaction. The limiting currents due
2

to these processes were found to be of the order of 103 and 105 amp cm

respectively, using a pore radius of lOJ+ cm.
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3. Theoretical analysis of model

3.1 Case where all forms of polarization are present

The rate of the electrode reaction in an element dz of the

electrode (Fig. 1) is given by
aI = 2T, dz 10[3-6 (ra,z) exp(‘)]F/ZRE) - exp(-qu/ZRl‘)] (2)
c

vhere i, is the exchange current density of the electrode reaction
vhen the concentration at the electrode is °. v{ is the sum of
activation and concentration overpotentials. The symmetry factor, p s
is assumed to be 1/2.

The average potential drop in the element, dz, is expressed

dz
an =1 —
TR

(3)

vhere 1( is the specific conductivity of the electrolyte. In order
that the concentration, c(r,,2z), at the electrode surface in the
steady state be ascertained one may assume that the reactant gas has
a flux only in the r direction and has the equilibrium concentration,
c®, at the gas-electrolyte interface along the film. Since the

reabtant is only consumed at the electrode surface,
dI = - 2Tfr dz * DoF (d c¢/Fr) (%)
Integrating equation (L) using the boundary condition that at r = Ty

c=c° (5)



c(ra,z)zc +27f1]5nF( )ln( ) (6)

Using equation (6) in (2)

1 T
R P [(1 + Frometa) 1® 5 )ep(yF/2Ra) - exp(qF/M)]
(7)

Equation (7) may be rewritten in the form

aI _ lnTr i, sinh(’Y]F/ZRI') 8)
dz T i

1+ in (;;) exp(*r; F/2RT)

DnFc

Differentiating Equation {3) with respect to z and combining the

resulting equation with Equation (8)

[’-}r i ﬁ((r rz)] sinh(')?F/ZRE)

d22 Tolo ()

1+ i (-‘-) exp(ﬂF/ZRT)

The above differential equation may be converted into an analogous

cne but with dimensionless parameters, making the substitutions

(nE¥/err) =y (10)
and z/8 =x (1)
Thus, Equation (9) reduces to
a% _ _asinmy (12)
dx2 l4+4bexpy

where
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21-210sz
a= 5% (13)
')i. RI(r, - 1y)
and s
Tl 2
= — 1n (— ik
DrFc® (rl) (14)

In terms of the dimensionless parameters, the current at z is given by
2 2
I, = 2T (25 - =) (me/AF)ay/ax), (25)
and the total current by
I, = 2KT (s> - r-)(Re/ 4 F)(ay/ax) (16)
g = 2R (ry - 1y VIl g1

The ratio of the current at z to the total current (at z = 2) is

thus

I

It is not possible to solve Equation (12) analytically. A
numerical solution is, therefore, necessary to study the influence
of the various parameters (io,?( , D, %, Tps Typs ‘)7) on the I, - =z
and I, - nX (9 = 771 at z = {) relations.
A first integration of Equation (12), however, is possible
using the substitution
(@) /(af) = (1/2)(a/ay)(ay/ax)? (18)

the boundary condition that when v = 7], (i.e., ¥y = yo)
d7z/dz =0 (i.e., dy/dx = 0) (19)

and the substitution u=expy (20)
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The solution is

(%%)2 = a[exp(-y) - exp(-y,) + bly - ¥,) + L i m (3% > =) go)]
(21)
Combining Equations (17) and (21), the expression for the current
distribution within the film is cbtained as a function of y (or '7 ).
In order that y many be expressed as a function of x, it is necessary

to integrate Equation (21) with the boundary condition that at
x =0 (i.e., 2 =0), ¥ =y, (ie., M = '70) (22)

Analytic solutions for scme limiting cases of Equation (12)

are possible vwhich will be considered in the following sections.

3.2 Case of activation and ohmic polarization

When concentration polarization is absent b exp y {<1 in
Equation (12). This case corresponds to that of activation-ohmic

control. Under these conditions, Equation (12) becomes
2 2 X
d“y/dx“ = a sinh y (23)

Using the boundary condition (19) a first integration of Equation (23)
yields
(dy/dx)2 = 2{ cosh y - cosh yoj (24)

This equation mey be integrated by making the substitutions

1 .
k:—m:ﬁlﬂg (25)
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cos "{’ = —:%%g—)- (26)

Using this method and the boundary condition (22), the solution to
Equation (24) is
k * Bk, P) = a2 x (27)

where

X
() =‘Z> (1-x° :zzyolﬁ (26)

F(k,"/’) is the elliptic integral of the first kind and tables of this
integral of the first kind are available as a function of © and V.

(dy/dx) may be expressed in terms of the variable Y by using Equa-
tion (26) in (24). Thus,

ay/ax = (42 sizh (y_f2) - tan P (25)

Using Equation (29) in (15), the current is expressed as a function

of ¥ (or x through Equation (27)). The ratio of the current at x = x
to that at x = 1, is thus

I, _ tan(¥ )x=x

I, tanly), (30)

and I, =H T (rh - 72) (2RT/LF)(4a)/? simn(y f2) tan(y),; (31)

Some special cases may now be considered.

(i) Conditions when (y - yo) < 0.15, Equation (23) may be
rewritten as
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2
&Y . o sim| (v -y,) + o |
ax

U

a[_sinh (y-y,) cosh y, + cosh (y-y,) sinh yoj (32)

Since (y - yo) is small, the sbove equatinn may be reduced to
&y :
5= a,L(y - ¥o) cosh y_ + sinh Vo] (33)
ax
Equation (33) can be solved analytically by making the substitution
u=(y-y,))+ tanh y
and using the boundary conditions (18) and (19) which results in the

solution

(y - yo) + tanh y_ = tamh y cosh (le) (34)
where ki = & cosh Y, (35)

Differentiating Equation (34)

£

& =K, tanh y sinh (K;x) (36)

Using Equation (35) in (17) the ratio of the current at z to the total
current (at z = Q) is given by

I sinh (le)
= —ﬁml‘— (37)

RS

This relation shows that the ratio I,/I, varies sinh K,x and
2 2y 2RT R
I, = 7(1[‘(1‘2 - rl) :Q—f K, tanh y_ sinh lil (38)

If K1<< 1, (vhich corresponds to a low i, low )70, high 7{, 2 high

AT =1, - rl) Equation (34) reduces to
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(y-y°)+tanhy°—tanhyo 1+ =5 (39)
; -y =8 . % (0)
i.e. y yo_asinhyo b 4
and Equation (36) becomes
dy/dx = xf tanh y_ x
= a sinh y_ x (1)
Under these conditions, (Iz/It) -is given by
Iz/It =x (42)
and I = KT (r2 - r2) 2R . sinh (43)
t - 2 1/ IF Yo

According to this relation, there is a linear variation of the
current with distance and the observed Tafel slope would be the normal

one. Further, if y_ is itself small, Equations (40) and (l41) become
(v - ¥o) = (8/2) + ¥, ° ()
and dy/ax = a y, x (45)

A linear variation of current with distance means that there is a
uniform generation of current in the pore from z = 0 to z = ,Q For
this case, the change in potential from z = O to z = f is small and
at any z, this change is proportional to the square of the distance.
For the case in which y, is large but (y - v,) is small, the
total current (It) - potential (17 J ) relation is Tafellian. However,

if y., is small ( 0.2), a linear I_ - relation would be obtained.
(o] t /e
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(ii) Conditions under which y_ is large (y o > 2.30)

With these conditions, Equation (23) reduces to

Y By (46)
dx2 2

Integrating Equation (46), using the boundary condition (19)

2
(%) = a‘—_expy - exp yo_]
= a (expy,) [exply - y,) - 1 | (47)
Using the substitution
= e v -v) -1] (48)

and the boundary condition (22), Equation (47) may be integrated to

yield the solution

tan™" [ exp(y - ¥,) - lj = 25— . exp(y,/2)- x (49)
Equation (49) may also be expressed in the form »
(v - ¥5) =2 1n sec [(al/ 2/2) exply,/2) x:] (50)

The latter expression gives the variation of potential with distance

in the film. Introducing Equation (49) into (L7)

1/2 1/2 =
avfax = a2 cxply fo) sen [(a72/2) exp (v /2) x| (51)
The above equation gives the variation of current with distance in
the thin film. Using Equation (50) in (17)
1/2
, tan[(a /2/2) exp (yo/a)'x_] (52)

BT an [(/2/2) explyy/2) ]
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and
I, = AT (5 - £3) TF &% emply/2) tan [ (oM7) emplrg/2) ] (53)

A limiting case is when

(a¥2/2) exp (3. /2) & 1 (54)

(i.e., low i, high )f, high Ar). Under these conditions,
tan [ (a7%/2) exply, f2) x| L(a}2/2) exply f2)x (s5)
and sec [(31/2/2) exp (yojz)x} == 3 (56)

Using these approximations in Equations (49) to (52)

y -y, =0 (57)

{(&/ax) = (e/2) exp {y,) - x (58)

and I/ =x (59)
and I, = TS - 72) e exp (3,) (50)

In this case, there is hardly any potential variation in the pore and
the current is generated uniformly in the pore. It is clear from
Equation (60) that for this case, the predicted Tafel slope is the
normal one of 2RT/F. When the approximation (54) cannot be made the
varistion of (Iz,’lb) is given by {52), according to which there would
be a short linear region of slope less than 45° followed by a curve
with increasing slope. In this case, the Tafel slope is initially
(i.e. at low )?o) 2RT /F, followed by a region of double the initial

slope .5



3.3 Case of concentration and ohmic polarization

Conditions under which b exp y >> 1. This condition applies
when 10 and O r are large or when D and c® are small. Under these

conditions, Equation (12) becomes

fx_asinhx
ax° D eV
=2 [1- e (29 ] (61)

Using the substitution (18) and integrating the sbove equation
2 r
(%) = %[(y -J,) + % exp (-2y) - exp (-2y,) 3] (62)

It is not possible to obtain an analytic expression for the integral
of (62). Analytic solutions may, however, be obtained for some
liniting cases.

(i) Suppose (y - yo) is small, which correspnnds to a small

varietion in potential in the thin film. Then, Equation (62) reduces to
@ -2y -5[1- e (2] (63)
Integrating the above equation with boundary condition (21)
(v-v) =5[ 24 - e (23 )3 ] (64)
and & i[2f1- e (25} ] x (65)

Using Equation (65) in (17)
L/I =x (66)




and I, = KTr(rg - ri) g %[1 - exp (-2y°)] (67)

(ii) The second limiting case is when both y and y, ere
large such that the exponential terms in y and ¥, nay be neglected in

comparison to the corresponding linear terms. For this case,

(ay/ax)® = (a/o)(y - ¥,) (68)
end (v - y,) = (afwp) - &£ (69)
dy/dx = (a/2b) x (770)

For this case, too, there is g linear variation in current with dis-
tance in the thin film. This case corresponds to one of limiting
current and the potential drop in the thin film is due to ohmic polar-
ization. As compared with the previous limiting case, it may be
pointed out that the former would refer to one of high exchange current
density at low overpotentials and the latter one of low i, at high

overpotentials,

4. Numerical calculations and conclusions

4.1 Case wtere all forms of polarization are considered

As seen from Equation (21), it is possible to obtain only a

numerical solutioa to the differential equation (12). Numerical solu-

6 amp cm™2

tions were obtained using an exchange current deasity of 10~
but varying (a) the proiuct DnFc®, (b) specific conductance of the

electrolyte, K , (c) the radius of the pore, r, and (a) the thickness
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of the film, Ar. The values of these parameters used in the present
calculation are shown in Table 1. Equation (21) shows that a limiting
current is obtained when the overpotential reaches fairly high values
and it is proportional to a/b (which proportionality is obtained after
a second integration using this condition). From this condition and
Equations (13) and (14), it follows that the limiting current is
independent of the exchange current demsity. In the lower overpoten-
tial range the current demsity-overpotential relation is similar

to that for the case of activation-ohmic polarization case (Section
3.2). It follows from Equation (12) that if the exchange current

6

densities are smaller than 10~ amp cm'a, the shape of the overpotential-

current density curve is similar to that shown for lO"6 amp cm"z with

the same values of DnFc°, ¥y, Or and ')i but with a perallel shift
tending towards the same limiting current densities. The current-
potential relations for lower exchange current densities would show
longer Tafel regions than those for higher exchange current densities,
The overpotential-current density relations* are shown in Figures 2 to

6 amp a2,

L for the various cases considered in Table 1 with i = 10”
The noteworthy features of these curves are:
(i) The initial shape of these curves corresponds to the case

of activation-ohmic polerizstion considered in the next section, i.e.

the role of diffusion polarization is negligible.

*As in a previous pa.pwa-z'5 the current density is taken as the product
of the total current gzneraied per pore and gf the nurmber of pores
per cm®. The number of po:es cn® is (1/4 r5S) assuming that the
parallel cylindrical pores touch each other In a cubic array.
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(ii) The length of the portion corresponding to the case of
activation-ohmic polarization depends on the magnitude of DnFc°, r,,
OAr and N in the following mammer. The higher the value of DnFc®,
the longer is this region. This is also the case for the lower values
of M, or and r,.

(iii) When b in Equation (14) is less than 10’1', a limiting
current density is not reached in the practical overpotential range
(less than 0.7 v). This is more so if the exchange current density

-6 amp em™2,

is lower than 10
(iv) The limiting current demsity is higher, the lower is

the value of Ar, the higher the value of DnFc®, or The limiting

T,.
current density is independent of the value of ¥ . However, for lower
values of X, the limiting current is reached at higher values of the
overpotential,

(v) On comparing current density-overpotential relations for
this model and the simple pore model,5 it is readily seen that the
current densities for the thin film model exceed that for the simple
pore model (at the same values of the overpotential) throughout the
entire range using identical kinetic parameters in both cases.

The general shapes of the current density-overpotential rela-
tions are similar in both cases. At low overpotentials, there is a
short region showing the normsl Tafel slope of 2RT/F which passes over
into a region where the Tafel slope is 4URT/F and finally the region where

the current denmsity varies slowly with increase of overpotential close

to the limiting current density of the electrode.
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(vi) The current distribution plots [(Iz/lt - x (or z) rela-
tions] show a special type of behavior. In previous cases, with
increase of overpotential, the current distribution tends to become
more non uniform with concentration of current generation increasing

at either one or the other end of the pore.5

In the present cases,
where the product DnFc® is not too high, and a limiting current is
observed in the overpotemtial region of interest, the current genera-
tion becomes non uniform with inrrease of overpotential at lower
overpotentials but the behavior is reversed at higher overpotentials

in the regions where the current is close to the limiting current.

At the limiting current, there is a uniform current distribution within

the pcre as is obrerved at low overpotentials. A typicel current-

distance re=lation is shown in Figure 5.

k.2 Case of activation and ohmic polarization

The procedure for the numerical calculations in this case are
quite similar to that for the corresponding calculation of the simple
pore moclel.5 Thus, the calculations would be of two general types,
as shown in the derivations asbove. For ’)70 values less than 0.1V,
the elliptic integral calculation is necessary. For 770 > 0.1V
(the Tafel approximation case), the results can be expressed in a
more general way.

The elliptic integral calculations have been carried out
varying iy, r,, Or and M as indicated in Table 2. The only parameter

vhich one finds in addition to the others for the simple pore model
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calculation is I, =T = AT, the thickness of the thin film. The
same values of ')70, as in the simple pore calculation, were used and
are found in Table 3.

An analysis of the results of the present calculations may
be best made by comparing it with the results of the similar calcula-
tion for the simple pore mn:)del5 and may be summarized as follows:

(1) For the same value of the radius of the pore (rp), the
influence of ohmic polarization is greater for the thin film model
than for the simple pore model. Thus, the current distribution becomes
more non uriform at lower overpotentials for the thin film model.

This effect is due to ionic conduction having to occur only through
the film for whe preosont model, whereas through the eatire pore in
the simple pore mclcl. This effect is obviously lecs, the higher the
thickness of the film.

(i1) In the present case, even with i, = 1072 amp cm™2, there
is an effect of the olmic-polarization at the small values of the
overpotential. This was not so with the simple pore nodel.

At higher overpotentiazls, the current and potential distrib-
ution relations (Equations 49 and 50) are represented by the same
figures as for the simple pore model”? (Figures 6 and 7). These curves
are given in terms of a parameter A, where A in this case is given by

al/a
A = =5— exp (y./2)
1 i 1/2
=3 7‘(73—1.-)1—&') exp (y_/2) (71)

and I by I, =8 Krr,Or (re/AF) A ten A (72)



As in the elliptic integral calculation, the current distribution
becomes more non uniform at lower overpotentials for the thin film
than for the simple pore model, using the same values of iy, Tp and
J{. This trend is seen by a comparison of Table 4 for the simple
pore model and Teble 5 for the present model, which show the ')70
values corresponding to the A values used in the calculations (and
hence the different curves in Fig. 6 and 7) for various values of i,
?{ » Tp and Ar.

The current density-overpotential relation is sgain similar
in form to that obtained for the simple pore model and is simply
obtaincd Tron the useful parameter A, except for a parallel shift
both verticailr i horizontally depending on the valuez o the kinmetic
pargazters. A ty27cal current demsity-cverpotenticl r:lation is shown

'6ampcm2 H = 1 ohm~ cm:L

in Fig. 8 using i, =10
and ry = 9 x 10 cm. This figure also shows the co-responding
current density-overpotential relation for the simple pore model for
the same value of the kinetic parameters. The current density for the

simple pore model is hiziier than that for the thin film model at

higher overpotertials.

4.3 Cese of concentration and ohmic polarization

No sepmrate calculetions were carried out for this case, since
the results of the first calculation carried out in the region of the
limiting current are idaniirrl with those which would be obteined here.
As is seen from figures 2 to 4, the current distribution becomes
uniform close to the limiting current density. Further, the limiting

current per pore is given by Equation (67) with y o —>®.
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LIST OF TABLES

Kinetic and physical parameters for numerical calculations
(vide Figures 2 - 4).

Kinetic and physical parameters for elliptic integral calcula-
tions in the case of activation and ohmic polarization.

© values for elliptic integral calculations and corresponding
7 velues.

The ’70 - A relation, assuming ¥ =1 ohm™1 cml, T, = 10"1* cm,
X =101 cm, for two values of i in the case of activation
and ohmic polarizatinn using the simple pore model.

The Yo - A relation, assuming X =1 obm™+ cm'l, AT = 1072 cm,
£ =107 em for two values of 1 in the case of activation and

ohmic polarization using the thin f£ilm model.
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CAPIIONS TO FIGURES

Schematic representation of thin film model of porous electrode.
Thickness of film largely exaggerated in diagranm.
Overpotential-current density relations, for case where all forms
of polarization are taken into account, showing effect of varia-
tion of 71 or product DnFe®. Kinetic parameters used in calcu-
lation are given in Table 1.

Overpotential-current demsity relations, for case where all forms
of polarization are taken into account, showing effect of varia-
tion of A r. Kinetic parameters are in Table 1.
Overpotential-current density relations, for case where all forms
of polarization are taken into sccount, showing effect of varia-
tion of To. Kinetic pareameters are in Table 1.

Typical current distribution relations for case where all forms
of polarization are considered. Fig. 5 A and B correspcnd to
curves 1 and b respectively of Fig. 2.

Current distribution relations for case of activation and ohmic
polarization as a function of parameter A. A values are for

0.5; (+)0.6; © 0.7; & 0.8; ¥ 0.95 0 1.0;[1 1.1; & 1.2;
V 1.3; X 1.b; + 1.45; 0 1.50; E] 1.55.

Potential distribution relations for case of activation and ohmic
polarization as a function of parameter A. Symbols for A values
are same as in Fig. 6.

Overpotential-current density relation for case of activation and

ohmic polarization using i, = 106 amp cm"2, 7'( =1 ohmt emt,



] - -
r, = 10~ em, Ar =107 cn, £ = 10T em. Solid line is for

thin filp model. Broken line is for simple pore model (refer-

ence 5).




Table 1. Kinetic and Physical Parameters for Numerical Calculations

(Vide Figures 2-k4)

(i:gr;?.gltloé -4 axlx);F 2:1‘1 ohm"]:}{cm"'l c;
1 1074 1 -+ 1072
2 1074 0.1 -k 1072
3 1079 1 107* 1072
L 109 0.1 107% 1072
5 1076 1 10~} 1072
6 1070 1 107t 107
7 1076 1 1073 1072




Table 2. Kinetic and Physical Parameters for Elliptic

Integral Calculations in the Case of Activation

and Ohmic Polarization

1, amp en™2 10-3 1076 10~9
K ol ™t 0.1 1 2
r, cm 1073 107k

AT em 107 1072 1076

Table 3. © Values for Elliptic Integral Csleunlsticns

and Corresponding Mo Values

e T, Volts
5 0.312
10 0.243
20 0.17h
40 0.101
60 0.055
8o 0.018
85 0.009

L



Teble 4. The %, - A Relation, Assuming K=1 ohm~

-1

1 1

cm T,

r, = 10 7 om, X = lo"l ca, for Two Values of io in the

Case of Activation and Ohmic Polarization Using the

Simple Pore Model

(]

A Mo volts for Ui o Volts for
i, = 1076 amp -2 i, = 109 amp cn2
0.2 0.150 0.k495
0.3 0.190 0.53
0.4 0.219 0.565
0.5 0.2k 0.587
0.6 0.260 0.605
0.7 0.275 .620
0.8 0.289 0.634
0.9 0.300 0.645
1.0 0.311 0.656
1.1 0.320 0.666
1.2 0.329 0.674
1.3 0.336 0.682
1.k 0.3hk 0.690
1.L45 0.348 0.693
1.50 0.351 0.697
1.55 0.35h4 0.700




Teble 5. The 7), - A Relation, Assuning { = 1 om ™t en”t,
o =107 e, £ = 107! cn for Two Values of i_ in the
Case of Activation and Olmic Polarization Using the
) Thin Film Model
A 1? o V\:éts for -2 ‘)?o w-:;ts for >
3 io = 10" amp om io = 10 7 amp cm

0.2 0.069 0.l15
0.3 0.110 0.456
0.k 0.139 0.485
0.5 0.161 0.507
0.6 0.179 0.525
0.7 0.195 0,541
0.8 0.208 0.55k
0.9 0.220 0.566
1.0 0.230 0.576

| 1.1 0.2L0 0.586

| 1.2 0.2L8 0.59%
1.3 0.256 0.602
1.k 0.264 0.610

1.h45 0.267 0.613

1.50 0.271 0.617

1055 00271" 0'620
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St, Louis 66, Missouri

Monsanto Research Corporation
Everette 49, Massachusetts
Attn: Dr. J. O, Smith

North American Aviation Co.
S & IV Division

Downey, California

Attn: Dr. James Nash

Pratt end Whitney Aircraft Division

United Aircraft Corporation
East Hartford 8, Conmecticut
Attn: Librarian

Redio Corporation of America
Astro Division

Heightstown, New Jersey

Dr, Seymour Winkler

Radio’ Corporation of America
Somerville, New Jersey
Attn: Dr. G. Lozier
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Cell Reports (cont'd.)

Speer Carbon Company
Research And Development Laboxrstories

Packard Roed at U7th Street
Nisgara Falls, New York
Attn: Dr. L. M. Liggett

Stanford Research Institute
820 Mission Street

So. Pasadena, California
Attn: Dr. Fritz Kalbhanmmer

Thiokol Chemical Corporation
Reaction Motors Division
Denville, New Jersey

Attn: Dr., D. J. Mamn

Thompson Remo Wooldridge
2355 Euclid Avenue
Cleveland 17, Ohio

Attn: Mr. Vittor Kovacik

Unified Science Associates, Inc.
826 S. Arroyo Parkway

Pasadena, California

Attn: Dr., Sam Naiditch

Union Carbide Corporation
12900 Snow Road

Parma, Ohio

Attn: Dr. George E. Evans

University of California
Space Science Laboratory
Berkeley 4, California

Attn: Prof. Charles W. Tobias

University of Pennsylvania
Philadelphia L4, Pemnsylvanis
Attn: Dr, Manfred Altmean
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Vestern Reserve University
Cleveland, Ohio
Attn: Prof. Ernest Yeager

Yardney Electric Corp.
New York, New York
Attn: Dr. Paul Howard

Lockheed Missiles & Space Co.
3251 Henover St.

Palo Alto, Californis

Attn: Dr. George B. Adams

Mr, B. S. Baker

Institute of Gas Technology
State & 34th Streets
Chicago 16, Illinois

Mr, Peter D. Richman
President

Chem Cell Inc.

3 Central Ave.

East Newark, New Jersey 07029




